Nowadays, a key point in automotive design is the protection of the vulnerable road users, pedestrians and cyclists. Usually, to measure the injuries caused to the head by an impact between a pedestrian and a vehicle, the head injury criterion is used. However, this parameter only considers the linear accelerations of the head, while it has been demonstrated that the rotational accelerations are also quite important for the occurrence of damage of the head. From that perspective, this paper investigates in more detail the measure of the rotational accelerations obtained with a special experimental equipment developed by the authors to perform head impact tests on steel and aluminium bonnets. These data were then looked into to find the influence of some of the physical parameters involved in the rotational accelerations. The results of this study show which parameters have to be taken into particular consideration in the experimental tests. Furthermore, working on these parameters in the design phase can help to reduce injuries to the head for pedestrians.
Introduction
Nowadays, one of the key stakes in automotive design is safety. Road traffic accidents are the most important cause of all injuries worldwide [37] . In particular, the percentage of vulnerable road users (VRUs) (pedestrians and cyclists) involved in road traffic deaths is very high [37] , and even if the total number of pedestrian fatalities has decreased along the years, when considering the pedestrian fatalities as a proportion of all road traffic fatalities, this number has seen a slight increase in the recent years [12] . Moreover, of all the different categories of people injured, pedestrians bring the highest social costs [12] .
In general, when the impact between a pedestrian and a vehicle is studied, the injuries to the legs and to the head are primarily considered [10, 11] . The injuries to the head are usually more severe than the injuries to the leg [17] . The head injuries are mainly measured with the head injury criterion (HIC) [6, 32] . However, the HIC is often criticised because it is only based on the translational acceleration of the head and does not take into account the rotational accelerations [16, 29] . Indeed, it has been repeatedly shown that the rotational accelerations also contribute to the brain injuries [19, 20, 26] . For this reason, alternative injury criteria have been suggested [7, 33] that take into account the measurement of the rotational accelerations of the head.
In accordance with the homologation requirements [11] and with the rating tests [10] for Europe, the pedestrian head is simulated with a headform, made of an aluminium semi-sphere covered by a layer of silicone rubber. The transducers for the measurement of the accelerations are positioned inside the headform. However, different works [18,22À25] have demonstrated that the head accelerations are heavily influenced by the presence of the neck and by the forces that it can generate during the impact of the head. For this reason, an innovative experimental equipment has been proposed [5, 21] , characterised by the presence of a neck simulacrum. Usually, the neck part of the Hybrid III dummy is fixed to the traditional headform.
Different solutions to measure the kinematics of the head, and consequently, the rotational accelerations have been suggested [2À4, 8,9,13À15,27À31,34À36,39] . From a theoretical point of view, to determine the kinematics of a six degree of freedom rigid body, six accelerometers are sufficient. Indeed, this method is used in several studies [2,13À15] . However, in order to avoid the unstable computational procedure needed when six accelerometers are used, alternative solutions have been suggested: in [22] , a method with nine accelerometers in a 3-2-2-2 array was used or a 3-3-3 array in [34] . An in line accelerometer package using 15 accelerometers [39] or a multi-accelerometer approach using 12 accelerometers [4] was also proposed. A mixture of accelerometers and rate sensors was also used in other solutions [28, 30, 31] . A system where three triaxial accelerometers are positioned inside the headform used for the pedestrian impact tests was also used by the authors of this paper [1] . In this case too, the accelerometers were used to evaluate the rotational accelerations. All the methods discussed up to now can be applied to the headform for the pedestrian head impact test or to the head of a complete dummy or to other similar simulacrum used for this type of test. This paper describes how, starting from the experimental results obtained by the authors in [1] , the measure of the rotational accelerations was investigated by means of a numerical finite element (FE) model. The effects of a set of physical parameters, which can influence this measure, were examined. In the first part of the work, the development and tuning through experimental results of a numerical model of the vehicle will be reported. The second part presents the study of the influence of a set of physical parameters which characterise the experimental test, using the numerical model that was developed.
Experimental results
As briefly discussed in the introduction, the authors have previously developed an experimental equipment to perform pedestrian head impact tests [1] . In particular, a launching equipment and a specific headform were built. With this headform, it is possible to measure not only the linear accelerations but also the rotational ones, by properly placing three triaxial accelerometers inside it. This measuring device can be generally applied not only to the standard headform but also to the modified solutions (where, for example, a neck simulacrum is applied) or to the head of a complete dummy. With this equipment, the authors carried out a series of experimental tests of head impacts against the bonnet of a mid-size car (classified into the Large Family Cars Euro NCAP category or Dsegment EEC 4064/89). Two different types of bonnet were considered: the normal production bonnet made of steel and a prototype alternative bonnet made of aluminium. In those tests, the linear acceleration, the HIC 15 and the rotational accelerations in eight different impact points ( Figure 1 ) were evaluated and discussed. The positions of the impact points were chosen so as to match the stiff components in the engine compartment: the cylinder head, the battery, the fuse box, the lock device, the light device supporting beam and the fender bracket. At least three different bonnets were used in the experimental tests to avoid influences in the test results. The numbering of the impact points is not sequential because this study is part of a more complete work for which a higher number of impact points were considered. In this paper, only the most significant impact points are considered.
Finite element method (FEM) simulation of experimental tests
An FE model of the experimental set-up adopted in [1] was developed. For this application, the LS-DYNA Ò 971 software was used. The FE model consisted of the vehicle and the headform. The FE vehicle model was obtained from a full vehicle model previously developed in Pam-Crash and translated in LS-DYNA Ò . As usual for this type of applications, only the front part of the vehicle was used. The full vehicle model was trimmed with a plane perpendicular to the x-axis of the vehicle at the lower border of the windshield. The components of the vehicle involved in the pedestrian head impact were then meshed with higher accuracy than the original model. With this FE model, the head impact tests were simulated and the results obtained for all the impact points considered ( Figure 1 ). To improve the suitability of the FE model, both the steel and the aluminium bonnet were simulated. The evaluated performance were the HIC 15 (1), the linear acceleration in the centre of gravity of the headform and the rotational accelerations of the headform around the y-axis ( Figure 2 ). Only this component of the rotational accelerations was considered because, as discussed in [1] , it is most important and significant. As well known, HIC is defined as follows: Examining the values of the HIC 15 , the agreement between the experimental and numerical results is good in some impact points, while in other points, such as P6, P9 and P10, the difference is important. Considering the position of the impact points (Figure 1 ), the differences between the numerical and experimental results can be due to how some parts in the engine compartment were modelled. For example, at point P6, the bonnet hits the lock device, which is modelled in a simplified way: since the HIC 15 is highly susceptible to small variations, these small simplifications can have important effects on the result. At points P2 and the P3, the agreement is very good both in terms of HIC 15 values and time interval, whereas at point P4, the model is predictive apart from an additional peak at around 7 ms: at this time, the bonnet comes into contact with the upper components of the engine compartment. For the aluminium solution as well, the second part of the curve, starting from around 7À8 ms, is not representative of the experimental result. This behaviour can again be explained by a lack of detailed modelling of some of the components inside the engine compartment. It is interesting to notice that for the steel solution at point P6 there is a better global match of the curves than in the aluminium bonnet; however, the difference in the HIC values is higher in the case of the steel solution. This is clearly because the exponent 2.5 in the HIC expression is strong in highlighting even small differences. At point P7 instead, the numerical and experimental curves and HIC 15 are in good agreement. Examining points P9, P10 and P11, the match is good, in particular, for the steel version, and the first peak is always higher in the numerical models: this can be due to a difference between the battery used in the FE model and the one in the real vehicle, which could not be modelled correctly in more details.
To sum up, in most cases, the FE model reproduces the experimental results well and the differences can be explained by the incomplete modelling of some components in the engine compartment. In fact, it was not possible to describe these components better due to a lack of more precise information.
Moreover, dynamic impact simulations are strongly non-linear; consequently, small uncertainties in the boundary conditions can give large scatter in the results. Not necessary, a more detailed numerical model could give better results.
Finally, to complete the validation of the numerical model, the rotational acceleration around y-axis was also considered. Examining the curves shown in Figures 4À6, it is clear that the correlation is far from being acceptable for all the impact points considered. The FE model is not representative of the experimental results concerning the rotational accelerations.
Sensitivity analysis
In order to minimise the error between the experimental and numerical simulation results, in particular, concerning the rotational accelerations, the effect of the different numerical parameters on the numerical results was examined. In particular, the effect of different types of contact formulation, element formulation and mesh quality was investigated. However, the influence of these simulation parameters proved to be negligible.
Subsequently, the effect of some physical parameters was studied. These parameters have measurement uncertainties and are worth investigating both considering a traditional headform or a modified one, where also the neck is considered. In particular, the following parameters were examined: headform impact speed, headform impact angle, position of the reference system of the accelerometers, friction coefficient between the headform and the bonnet surface.
The study was carried out first with simple numerical simulations where each single parameter was modified. When a given parameter seemed to change the results considerably, it was analysed more in depth with a sensitivity analysis. The influence of the different parameters is discussed in details in the following paragraphs. Moreover, for the most influencing parameter, an optimisation process was also carried out in order to find the optimal value to match the numerical and experimental results.
Impact speed
The influence of the impact velocity of the headform was first considered. The simulations referred to the nominal value of 40 km/h. However, during the experimental tests, at the time of the impact, the speed of the headform can be slightly different; a scatter of 5% with regards to the nominal speed was measured. For this reason, a numerical simulation with a difference of 5% in the initial velocity of the headform was performed. The results obtained in terms of HIC 15 , linear and rotational acceleration curves, varied less than 1%. Hence, it is possible to conclude that a small variation of this parameter does not affect the phenomenon.
Impact angle
During the experimental test, before the impact with the bonnet, the headform is in free flight. During the shot of the headform, the launch equipment suffered a slight rotation due to the bending of its main supporting beams. This can cause the trajectory of the headform to change slightly during the free flight. It introduces a small variation in the impact angle between the bonnet and the headform. Consequently, the impact location is slightly different from test to test. For some impact points, this difference in the position can produce important changes in the results. To study the influence of this parameter, simulations were carried out with a different impact angle. Specifically, the initial value of 40 was changed by §1 and then by §5 . Both the linear (Figure 7 ) and rotational accelerations (Figure 8) were taken into consideration. The results show that the impact angle had no influence on the linear accelerations, at least in the range of variation considered. However, a certain influence can be noticed on the rotational accelerations. The first peak of the curve is not affected by the variation of the impact angle, but the behaviour after this first peak, in the interval from 4 to 12 ms, changes significantly.
Position of the reference system of the accelerometers
As it was explained before, the headform can undergo slight variations with respect to its nominal trajectory. For example, when the headform is fixed on the launching equipment, its position can deviate from the theoretical position [1] . This means that the nominal position of the reference systems of the accelerometers inside the headform is not as expected. The influence of this positioning error was investigated. Different cases were evaluated by rotating the reference systems of the accelerometers around their local z-axis: a single reference system is rotated while the other two are in the correct position; two reference systems are rotated of the same amount while the third one is in the correct position; all three reference systems are rotated of the same amount.
For the three cases, a rotation of 1 was considered, since no bigger variation is expected. Only the influence on the rotational acceleration was examined because the three accelerometers are required just for this measurement, while for the linear acceleration, only one accelerometer is used. As it is possible to see in Figure 9 , the rotation of the local reference systems of the accelerometers does not influence the evaluation of the rotational acceleration. The few differences between the curves can be accounted by numerical instabilities.
Friction coefficient between the headform and the bonnet surface
The influence of the friction coefficient between the bonnet surface and the headform was evaluated with a sensitivity analysis using the LS-OPT software [38] . The friction coefficient depends on many circumstances, such as the materials of the bodies in contact, the strain rate, the thermal conditions, etc. Starting with the nominal value of 0.2, used in the first simulations reported in Section 3, the sensitivity analyses were carried out by using the Monte Carlo method [38] . At this stage, only the influence on impact point P7 of the steel bonnet was evaluated. The reason is that for this solution, the difference in this point between the numerical and experimental results is negligible. Moreover, this point is more or less in the middle of the bonnet surface; therefore, the possible influence of the surrounding structures is small. Different ranges of friction coefficient were tested, starting from 0.07 to 0.55. In Figures 10 and 11 , the influence of this parameter on the linear and rotational accelerations, respectively, is shown. Concerning the linear acceleration, the main influence is on the first peak of the curve; then the curves have quite the same behaviour: the higher the friction coefficient, the higher the peak. This can probably be explained by a less slipping for the headform when the friction coefficient is higher. Concerning the rotational acceleration, the influence is not only on the intensity of the first peak but also heavily on the behaviour in the second part of the curve. With a small variation in the friction coefficient, the curve's trend may change considerably and the behaviour gets closer to the experimental results.
Optimisation analysis
The sensitivity analysis highlighted that the most influencing physical parameter of the pedestrian head impact test is the friction coefficient between the headform and the bonnet surface. For this reason, a parameter optimisation concerning this factor was carried out. The final objective was to minimise the error between the experimental and simulation results in order to set up the FE model.
This non-linear optimisation process is usually applied to identify the material parameters starting from experimental results. The software LS-OPT generates the numerical curve and tries to match it with the experimental one, i.e. to minimise the error between the two curves.
In this study, the optimisation analysis aimed at identifying the friction f between the bonnet and the headform. In this type of problem, the static and dynamic coefficients of friction can be considered the same. The initial value for the coefficient of friction f was set to 0.2. Three different head impact points (P6, P7, P9) were considered in order for the results to be independent of the impact location. In addition, this allowed for more accurate results. The optimisation was based on three experimental results: the HIC 15 value, the linear acceleration and the rotational acceleration along the y-axis of the headform. It is thus a multi-objective problem; however, because the HIC 15 value depends on the linear acceleration, the weight of the first two objectives was arbitrary chosen half the weight applied to the rotational acceleration.
To evaluate the difference between the experimental and numerical results, the curve mapping approach was used [38] . The principle of this error measurement is to create a surface between the experiment and numerical curves. Next, the algorithm cuts this surface in subdomains and tries to reduce every area. The optimisation is not directly made on the numerical model responses but based on an interpolated surface, called the metamodel. The metamodel is an approximation of the system responses. The radial basis function was chosen for the metamodel [38] . It helps get a good overview and approximate non-linear responses without being too time-consuming. With this optimisation process, a friction coefficient of 0.23 was identified.
Finally, the head impacts on all the points were simulated again with the identified friction coefficient. The results are summarised in Table 2 , in terms of HIC, and in Figures 12 and 13 in terms of the linear and rotational accelerations at some impact points. As expected, there was a slight increase of all the response values concerning the HIC 15 . The increase in the friction coefficient brings an increase of the first peak of the linear acceleration curves, and, consequently, the HIC is also higher. Considering the linear accelerations, no particular effects were observed. However, it is interesting to note that, for all the impact points, the rotational accelerations match better with the experimental results. Figure 13 . Resultant rotational acceleration curves in the centre of gravity of the headform: comparison between experimental and numerical results before and after the optimisation process: on the left, the results of the impacts on the steel bonnet, and on the right the result on the aluminium bonnet. The impact points considered are P4 and P11 (from top to bottom).
Conclusions
This study examined the influence of some physical parameters on the measurement of the linear and rotational accelerations of a headform during a pedestrian head impact against a vehicle front experiment. These measurements are important to evaluate the injuries to the pedestrian's head, in particular for the rotational accelerations. Since, during the impact, the head accelerations are influenced by the forces applied by the neck, similar considerations can be made also for more complex devices, where a simulacrum of the neck is applied to the headform. The work was carried out with a numerical approach, starting from experimental results previously obtained by the authors. The parameters considered were the impact speed, the impact angle, the position of the accelerometers inside the headform and the friction coefficient between the bonnet surface and the headform. Among these, the most influencing parameters are the friction coefficient, and second, the impact angle. In order to better reproduce the experimental results, an optimisation process was applied to study and identify the friction coefficient. With the identified value of the friction coefficient, there was a much better match between the numerical and experimental results. These analyses show which parameters should be carefully considered during the experimental tests. However, working on these parameters can also contribute reducing the injuries to the pedestrian's head during an impact.
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